Key words: Endometriosis, neuromodulation, inflammation, estradiol 14
. Expression of target genes was related to 179 expression of 18S ribosomal RNA and to an internal control sample using the 2−ΔΔCt 180 method. 181
Functional assays 182

Neurite outgrowth assay 183
Single whole DRG explants from E15.5 rat embryos were incubated with DMEM 184 plus 0.1ng/ml NGF (positive control), IMDM plus autologous serum (negative control) or 185 conditioned medium (CM) from macrophages treated for 24 h with DMSO, E2 or E2+ICI 186 (n=5 female volunteers) for 24h and 48h at 37°C with 5% CO2 in Poly-D-lysine and Matrigel 187 (BD Biosciences, UK) coated 12 well plates. Neurite outgrowth was analysed as previously 188 described 21 . Neutralisation experiments were performed using anti-BDNF (0.4µg/ml) and 189 anti-NT-3 (0.2µg/ml; R & D systems, Oxford, UK). CM was pre-incubated with neutralising 190 antibodies for 1 hour before experiments were performed. The treatments were performed in 191 duplicate for each of the 5 patients and each duplicate used to incubate 3 DRGs. 192
Macrophage migration assay 193
The macrophage migration assay was performed using µ-Slide V1.04 migration slides 194 (Ibidi ® , Munich, Germany). CM (80µl) from DRG exposed to DMSO, E2 or E2+ICI (see 195 previous) was aliquoted into one chamber and macrophages (5 X 10 4 cells) were aliquoted 196 into the other chamber and slides incubated for 16h then evaluated using an Axiovert 197 microscope (Carl Zeiss, Germany) . A migration score was allocated to each slide based on 198 the distance migrated and the % of macrophages mobilised towards the chamber containing 199 9 the DRG media. Neutralisation experiments were performed using an anti-CCL-2 antibody 200 (0.5µg/ml; BioLegend, CA, USA) and an anti-CCL-3 antibody (0.45µg/ml; R and D 201 systems). CM was pre-incubated with neutralising antibodies for 1 hour before experiments 202 were performed. DRG treatments were performed in triplicate in 4 separate experiments and 203 used in migration experiments from 4 macrophage preparations (4 female volunteers). 204
Immunodetection 205
Dual immunofluorescence 206
Dual immunofluorescence was carried out as previously described 21 . In brief, 207 sections were antigen retrieved, blocked for endogenous peroxidase and non-specific epitopes 208 and incubated with primary antibody at 4°C overnight (Table 2) . Antibody detection was 209 performed using a secondary F(ab) polyclonal antibody to IgG (HRP) and TSA system kit 210 labelled with Cy3 (red) or fluorescein (green; 1:50 dilution, Perkin Elmer Inc, MA, USA). 211
For detection of the second antigen sections were microwaved in boiling citrate buffer, the 212 second primary antibody applied overnight at 4ºC, and detection as above. The sections were 213 counterstained with DAPI, mounted in Permafluor (Thermo Fisher Scientific, Loughborough, 214 UK) and imaged using a LSM710 confocal microscope and AxioCam camera (Carl Zeiss Inc, 215 UK). Human or mouse uterus was used as a positive control tissue and negative controls had 216 omission of the primary antibody. Macrophage number in lesion and peritoneal sections was 217 quantified by randomly capturing 4 (human) or 3 (mouse) fields of view (FOV) associated 218 with glandular and stromal tissue in endometriosis lesions. A mean was generated and plotted 219 for each biological sample 21 . 220
Immunofluorescence on cultured cells 221 Cultured DRGs were stained using a NF H chicken anti-neurofilament H antibody 222
(1:1000, Covance, UK) to visualise neurite projections. Cultured macrophages were fixed for 223 20 mins using ice cold methanol, permeabilised using Triton-X, blocked with Avidin/Biotin 224 10 (Vector), and species specific blocking buffer for non-specific epitopes. Macrophages were 225 incubated with primary antibody (CD68, ERα or ERβ) overnight at 4°C. Antibody binding 226 was detected using a biotinylated secondary antibody followed by streptavidin alexafluor 555 227 and counterstained with DAPI. Images were captured using an Axiovert microscope (Carl 228 Zeiss), Axiovision camera and software. 229
Statistical analysis 230
The data were expressed as means ± SEM and were analysed using a one-way ANOVA and 231
Newman Keuls multiple comparison test or a Students T test for two group comparisons. 232 Analysis of QPCR data was performed on transformed values. *:p<0.05, **:p<0.01, 233 ***:p<0.001. Analyses were carried out using GraphPad Prism 6 software. 234
235
Results
236
Macrophages and nerve fibres are found in close association in peritoneal endometriosis 237 lesions 238
In peritoneal lesions from women with endometriosis, macrophages (immuno-positive 239 for CD68, red) were identified in close association with small diameter nerve fibres, typical 240 of afferent sensory innervation (immunopositive for PGP9.5; green; Fig.1A-B) . Clustering of 241 CD68+ macrophages around nerve bundle structures was consistently observed in tissue 242 close to glandular epithelium in peritoneal lesions (Fig.S1 ). In lesions recovered from 243 transgenic Cfs1r-EGFP (MacGreen) mice, GFP+ macrophages were also detected close to 244 nerve fibres ( Fig.1C-D ; GFP; red, PGP9.5; green). 245
Estrogen receptor beta (ERβ) is the predominant estrogen receptor expressed by lesion 246
resident macrophages 247
Significantly higher numbers of CD68+ macrophages were detected in sections of 248 peritoneal endometriosis lesions compared to sections of unaffected peritoneum (p<0.001; 249 Fig.1E ). In women, CD68+ macrophages resident in the eutopic endometrium were immuno-250 negative for ERα ( Fig.S2A; CD68 ; red, ERα; green) but immuno-positive for ERβ (Fig.S2B,  251 ERβ; green) regardless of whether they had been diagnosed with endometriosis ( Fig.S2C-D) . 252
In peritoneal biopsies from women without endometriosis ERα was immuno-localised to 253 approximately a tenth of CD68+ macrophages (10.6% ± 3.85) (Fig.1F, Fig.S2E ) but all the 254 macrophages were ERβ positive (Fig.S2F) . In peritoneal endometriosis lesions approximately 255 a fifth of the CD68+ macrophages (18.3% ± 4.37) were immuno-positive for ERα (Fig.1G)  256 and as in the normal peritoneum they were all immuno-positive for ERβ (Fig.1H) . Results 257 obtained in our mouse model of endometriosis mirrored those in women with significantly 258 higher numbers of GFP+ macrophages in lesions (p<0.05) compared to the peritoneum of 259 naïve mice (Fig.1I) . A tenth of mouse peritoneal macrophages (10.14±6.41) and a quarter of 260 lesion resident macrophages (24.82±5.57) were immuno-positive for ERα (Fig.1J-K ) with all 261 GFP+ cells being immuno-positive for ERβ (Fig.1L) . 262
Human peripheral blood monocytes were isolated and differentiated into macrophages 263 that are classified as being at the alternative end of the macrophage activation spectrum 22 by 264 incubating them in the presence of CSF-1 hereafter referred to as M(CSF-1). M(CSF-1) 265 incubated with estradiol are referred to as M(CSF-1+E2). All isolated cells were confirmed as 266 macrophages using CD68 immunocytochemistry (Fig.1M ). M(CSF-1+E2) contained mRNAs 267 encoding ERα and ERβ ( Fig.S3A-B) . Protein localisation revealed a mixed population of 268 ERα positive and negative macrophages; ERα was detected in 66% of cells ( Fig.1N) whereas 269
ERβ was detected in all cells (Fig.1O) . 270
Nerve fibres recruit macrophages in an estradiol-dependent manner in vitro 271
We explored the impact of products secreted by DRGs in response to stimulation with 272 E2 on the migration of M(CSF-1) using an in vitro macrophage migration assay. Conditioned 273 media (CM) from DRGs stimulated for 24h with DMSO, E2, or E2 plus the anti-estrogen ICI 274 12 was placed in one chamber and M(CSF-1) were placed in the other ( Fig.2A) . M(CSF-1) 275 migrated furthest towards CM from DRG exposed to E2 (p<0.01), this effect was not 276 observed using CM from DRG exposed to E2+ICI, indicating an ER specific effect (Fig.2B) . 277
Notably, addition of E2 to the medium in the absence of DRG had no effect on the migration 278 of the macrophages (data not shown), verifying a role for E2-dependent DRG derived 279 secretory products in enhancing macrophage migration. QPCR analysis of E2-treated DRGs 280 revealed ER-dependent regulation of a macrophage growth factor and two chemokines. 281
Specifically, mRNA concentrations of colony-stimulating factor 1 (Csf-1) were up-regulated 282 by E2 (p<0.001; Fig.2C ), as were chemokine (C-C motif) ligand 2 (Ccl2-2) and 3 (Ccl-3) 283 mRNAs (p<0.05; Fig.2D and E). Addition of ICI abrogated the effect of E2. Addition of an 284 anti-CCL-2 antibody to DRG CM abolished the E2 induced macrophage chemotactic 285 properties (p<0.01) whereas addition of an anti-CCL-3 antibody attenuated E2 induced 286 macrophage chemotactic properties of DRG CM (Fig.2F) . 287
Estradiol induces neurotrophic properties in macrophages 288
DRGs were cultured in CM from M(CSF-1) and neurite outgrowth was recorded 289 ( Lesions recovered from mice exposed to E2 contained significantly more GFP+ cells 305 than mice that had hormonal support withdrawn (p<0.05; Fig.4A-C) . We have previously 306
reported that Ccl-2 and Ccl-5 (Rantes) mRNA concentrations were elevated in mouse 307 endometriosis lesions 9 and herein we show that mRNA concentrations of the chemokine Ccl-308 3 were also significantly elevated in mouse endometriosis lesions (p<0.01) compared to 309 biopsies of naïve uterus and peritoneum (Fig.4D) . 310
Csf-1, Nt-3 and TrkB are estradiol-regulated in a mouse model of endometriosis 311
Csf-1 and Nt-3 mRNA concentrations were significantly higher in lesions than other 312 tissue samples (Fig.5A-B) . mRNA concentrations of the tyrosine kinase receptor that binds 313 both Bdnf and Nt-3 (TrkB) was also up-regulated in lesions (Fig.5C ). Concentrations of 314 mRNAs encoded by Csf-1, Nt-3 and TrkB were significantly higher in the lesions exposed to 315 E2 compared to those recovered from mice in which E2 was withdrawn after lesions were 316 established ( Fig.5D-F concentrations have also been reported in the peritoneal fluid of women with endometriosis 388 35 . In our study, mRNA concentrations of Csf-1 were increased in lesions recovered from 389 mice and were also increased in DRGs exposed to E2. Based on these results, we suggest that 390 the ER-dependent regulation of CSF-1 in peripheral nerve fibres present in endometriosis 391 lesions may play a role in modulating macrophage survival and phenotype, and is consistent 392 with the hypothesis that neurogenic inflammation is a key process is this disorder. 393 E2 is reported to be neuroprotective 36 ; these effects have been linked to E2-394 dependent expression of BDNF promoting neuron survival, regeneration and synaptogenesis 395 37 . NT-3 is elevated in the peritoneal fluid of women with endometriosis 38 , but the cellular 396 source is uncertain. In this study, E2 increased the neurotrophic properties of macrophages 397 via up-regulation of BDNF and NT-3, suggesting that this cell type is a key source of these 398 neurotrophins contributing to E2-dependent nerve growth into lesions. Notably, the mRNA 399 concentrations of Nt-3 and the neurotrophin receptor TrkB were also E2-regulated in the 400 lesions induced in mice complementing the data from the in vitro models. 401
It has been proposed that endometriosis-associated macrophages may identify the 402 ectopic endometrial tissue as a 'wound' and activate pathways supporting cell survival and 403
angiogenesis rather than phagocytosis of ectopic material 39 . Macrophages are vital in the 404 regeneration of damaged nerves following injury to the CNS and PNS and although 405 infiltrating sensory nerves present within endometriosis lesions are not 'damaged' per se, 406 they may experience a chemical milieu similar to inflammation in response to trauma 40 . In a 407 mouse model of acute peripheral nerve injury an alternative macrophage response was 408 detected 41 , and this phenotype has been associated with a sterile inflammatory environment 409 similar to endometriosis. We suggest that the reciprocal relationship between macrophages 410 and nerves encourages innervation of endometriosis lesions. Moreover, the close proximity of 411 macrophages and nerves within lesions suggests that macrophage-derived cytokines may also 412 contribute to pelvic pain in endometriosis by acting directly on nociceptors generating a pain 413 response and hypersensitivity 40, 42 . We have previously shown that estrogens can also act 414 directly on human sensory neurons to increase the mRNA concentrations of key nociceptive 415 ion channels including TAC1, P2RX3 and TRPV1 43 , further supporting a role for estrogens in 416 modulating pain response in endometriosis by acting on nerves. 417
Our data have led us to propose the following model; elevated levels of estrogens 418 present within the lesion microenvironment act to mediate interactions between macrophages 419 and nerve fibres whereby estrogen acts on nerve fibres to enhance the expression of CSF1 420 and CCL-2, recruiting macrophages to nerve fibres. Reciprocally, estrogens act on 421 macrophages to enhance expression of BDNF and NT-3 which further potentiates 422 neurogenesis into lesions (Fig.6 ). In conclusion, these new results provide compelling 423 
